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We have re-examined the modelling of magnetotelluric and GDS soundings carried out on the Araguainha Dome,
Brazil, published a few years ago, in the light of a new modelling method and with particular stress on the induction
of the vertical component of the magnetic field, which had been neglected in the early publications. By careful
selection of the period range of the measured data, we obtain a set of radially symmetric induction arrows. This
symmetry is taken as a first order assumption of the modelling scheme. The result is an improvement of the
resolution of the radial distribution of depths to the crater basement. Due to the poor MT site coverage of the crater
area, this work must be considered a feasibility study rather than a final modelling contribution.
1. Introduction
It is not uncommon to see tensorial magnetotelluric (MT)
data being modelled by using only one polarisation (TE or
TM mode). Sometimes, no check is even done to verify the
validity of the final model with regard to the other polari-
sation. Similarly, the vertical component of the magnetic
field is often neglected in modelling the MT data. This is
a pity, since every independent parameter can potentially
contribute to enhance the true characteristics of the model
while simultaneously suppressing artefacts. There is gener-
ally no technical limitation to include the vertical field in the
modelling, since today the major forward modelling meth-
ods provide access to this component of the magnetic field.
A few years ago, we published the results of a MT in-
vestigation of the Araguainha impact crater, located in Cen-
tral Brazil (Fig. 1) (Masero et al., 1994, 1997). The first
paper dealt only with 1D modelling using the short-period
part of the data, and did not mention the vertical magnetic
field. The second paper attempted 2D and 3D modelling of
the impact structure and mentioned the radial symmetry dis-
played by the induction arrows around the uplifted basement
core of the crater, but did not include the constraint imposed
on the modelling by the vertical field. In the present arti-
cle, we take advantage of our recent 3D modelling scheme
(Schnegg, 1999) to improve our model of the crater internal
structure, taking the vertical magnetic field into account. We
believe that this inclusion can be extremely beneficial, since
this component of the field is at the same time 1) highly sen-
sitive to lateral conductivity variations, and 2) free of static
shift errors. In contrast, even tensorial MT information ap-
pears quite structureless in the period range of interest. Fur-
thermore, this data is known for being highly static shift-
prone. Although this effect seems to be of limited extent
here, we will see that it masks small details such as the ring
structure of the basement.
2. Geological Setting
The Araguainha Dome is the largest known impact struc-
ture in South America with a diameter of 40 km. It lies
within the sediments of the intracratonic Parana´ basin over
Phanerozoic sedimentary rocks. A simplified geological
map of the Araguainha Dome is given in Fig. 1.
The northern section of the basin, in which the crater is lo-
cated, is marked by metasediments of the Paraguay Geosyn-
clinal (Cordani et al., 1984) interrupted by a series of large
faults. The continuation of these faults within the Parana´
basin represents a significant NE-SW trending tectonic lin-
eament of the basement underneath the Araguainha Dome
associated to the Transbrazilian Lineament which is consid-
ered a tectonic feature of continental extension.
The cosmic origin of the Dome was found by the analysis
of samples from the uplifted basement (Dietz and French,
1973; Cro´sta et al., 1981), showing clearly the occurrence
of shock metamorphism (shatter cones, crystalline to
amorphous state transformations). Isotopic investigations
(Engelhardt et al., 1992) revealed an impact age close to the
Permian-Triassic boundary. The shape of the Dome is typ-
ical of a complex crater, with an uplifted basement core of
10 km diameter at the centre of a system of small concentric
hills, ridges, faults and valleys.
An aeromagnetic survey of the Precambrian basement
in the areas surrounding the Dome (Theilen-Willige, 1982)
determined a sediment thickness of 2000 m. A borehole
drilled 50 km WSW for oil exploration met the basement at
a depth of 1947 m. Simple 1D modelling of our MT data
showed a depth to the basement of 1500 m (Masero et al.,
1994), but careful 2D modelling of the same data showed
that the fractured zone segment extended down to 3–7 km
(Masero et al., 1997).
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Fig. 1. Simplified geologic map of the Araguainha impact crater, showing the crystalline basement of alkali-feldspar granites (1), the impact breccia with
melt matrix (2), the Palaeozoic sedimentary formations of Devonian Furnas (3) and Devonian Ponta Grossa (4), Upper Carboniferous to Lower Permian
Aquidauana (5) and Permian Passa Dois (Palermo) (6) sandstones, respectively, and the location of the MT sites. Filled circles (1–13) indicate sites with
full GDS data set. Sites 16 and 17 have only GDS data at T = 1 s, whereas sites 18 to 25 have only MT data. A diamond in the centre indicates the
origin of profiles. A small map of South America (top right corner) shows the location of the Araguainha structure.
3. Site Location and Experimental Set-Up
The MT fieldwork was carried out using two distinct sys-
tems with different signal to noise characteristics. Both sys-
tems allowed measurements of 5 MT channels (2 telluric
and 3 magnetic components) in the period range from 0.001
to 1000 seconds. This was the actual period range of the
measured data. Figure 1 shows the site distribution over
the crater area. Sites 1 to 13 have been acquired with ECA
CM11 coils, whereas sites 14 to 25 used less sensitive EMI
BF-4 coils. Unfortunately, except for sites 16 and 17 at the
lowest period (1 s), the signal to noise ratio of the EMI coils
did not allow us to investigate the very demanding part of
the spectrum which extends from 0.1 to 1 second. Sites 14
to 25 contributed to the 1D and 2D modellings in our previ-
ous work, however. There is no long-period data available
at site 6, since it was not possible to achieve good electrode
contact with the earth. On their map of induction arrows,
Masero et al. (1997) have interpolated data from sites 18 to
20 in the dead band to yield induction arrows at T = 1 s.
This information seems error prone, so this data has been
discarded.
Although the data set spans over 5 decades (see extent and
quality of MT data at site 7 on Fig. 2), in the present work
the extension of the band of interesting periods is intention-
ally limited: Toward the short period end, the limit is fixed at
0.1 s. Using shorter periods would be meaningless, since the
data would be very sensitive to irrelevant small-scale anoma-
lies such as topographic features and drainage systems. To-
ward longer periods, the limit is fixed at 1 s. at longer peri-
ods, the upper crust geomorphology becomes predominant
and hides the radial symmetry of the crater. Masero et al.
(1997) emphasise the restriction of the 3D character of all
sounding curves to the range extending from one to a few
tenths of seconds. They interpret the long-period MT data as
the result of alternating resistive and conductive 2D blocks
at depths between 15 and 30 km, related to the Transbrazil-
ian Lineament, or possibly with fossil hotspot plumes.
Thus, all the data used in this paper originates from time
series recorded in three bands, with sampling frequencies of
4, 240 and 2400 Hz. The series are made of 96 blocks of
1024 samples, without interruption between the blocks.
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Fig. 2. Apparent resistivity and phase at site 7 vs. period (rotated 0◦ vs. North). Full squares and triangles represent MT impedance elements Zxy and Z yx ,
whereas empty squares and triangles represent Zxx and Z yy . This figure shows the typical data extent and quality (error bars drawn for the anti-diagonal
elements only).
4. Overview of Previous MT Work on the
Araguainha Dome
To better highlight the radial character of the impact struc-
ture, the site location has been organised into 5 profiles ex-
tending from the centre of the impact crater to the periphery
((b) to (f), Fig. 3), situated at a distance of 25 km (Masero et
al., 1994). One-dimensional modelling of the audiomagne-
totelluric part of the data has been carried out at each site and
the thickness of the sediments plotted against the radial dis-
tance to the crater centre. Site 17 has been arbitrarily drawn
on each profile, although it belongs only to profiles (e) and
(f). From this study, three geometrical parameters could be
drawn:
• The uplifted basement shows up near or at the surface
on a disk of 6-km radius. This value is mainly based on
observations at sites 2, 8 and 16.
• The depth of the unperturbed basement is found be-
tween 1200 and 1500 m.
• At 1-km depth, the basement displays a single ring
with a 12–15-km radius. The small site density does
not allow resolution of other rings with this simple 1D
modelling.
In the second paper (Masero et al., 1997) further 2D and
3D modelling of the deep structure has been carried out, but
no attempt has been made to increase the resolution of the
model close to the surface. On the contrary, this model was
used as a known fixed structure for the upper part of the
general model. However, the deep part of the 2D-3D mod-
els (depth > 15 km) required the presence of a network of
alternatively conductive and resistive bodies (possibly at a
microscale) to explain the strong MT anisotropy and the pro-
gressively homogeneous parallel orientation of the induction
arrows observed at each individual site at periods larger than
10 s. The authors tentatively explain this anisotropy by the
vicinity of the Transbrazilian Lineament.
5. Data Modelling
Obviously 3D modelling is still a very demanding task
of computer resources. Before attempting a new modelling
of MT and induction arrow data, it is important to select
the best domain, both in frequency and space, so as to keep
the model size within a reasonable minimum. Besides the
short-period threshold set at 0.1 s (responding to irrelevant
superficial structures), there is a long-period threshold deter-
mined by the loss of radial symmetry induced by the deep
regional structure mentioned above, unrelated to the crater.
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Fig. 3. Depth to the crystalline basement based on 1D models (Masero et al., 1994). (a) All depths as a function of distance to the centre (marked by a
diamond on Fig. 1). (b)–(f) resulting depths for each site along different radial profiles. Note: site 17 arbitrarily drawn on each profile.
Looking at the directional variation with period of the real
part of the induction arrows of two diametrically opposed
sites (sites 2 and 9, Fig. 4), we see 1) that between 0.1 and
1 s the arrows of both sites point toward the resistive uplifted
core of the crater (expected behaviour with the definition of
the induction arrows used in this paper), but 2) that beyond
3 s, they make up a complicated rotation, ending up in the
SW direction. This behaviour is observed at all the sites of
the survey. As 3D modelling of the full frequency spectrum
is not possible with the tools at our disposal, only three pe-
riods of data have been chosen for modelling, namely 0.1,
0.3 and 1 second. Thus, the scope of our modelling is in-
tentionally limited to the determination of the thickness of
the sediments over the impact crater as a function of the dis-
tance to the centre. Furthermore, owing to the homogeneous
MT resistivity value obtained for the sediment filling and the
basement (Masero et al., 1994), these parameters are kept
fixed at 30 and 3000 m. Consequently, we concentrate
on finding the shape of the interface between sediments and
basement. An additional restriction to the geometry of the
model is the radial symmetry of the geology. The shape of
the interface will have a radial symmetry imposed.
The modelling scheme has been described in a recent pa-
per (Schnegg, 1999). In a first step, the j model parame-
ters (layer thickness and resistivity) are considered analyt-
ical functions Fj (ξ, ψ, pi ) of the generalised co-ordinates
ξ , ψ of the sites, and of some parameters pi , i = 1, N j .
The set of i × j parameters is sought so that the least square
misfit between the data and the model response reaches an
absolute minimum. The iterative process is carried out by
a minimisation routine searching the steepest descent in the
parameter space. At each iteration a model, based on the
new parameters, and a regularisation mesh are automatically
built. The model response is computed by a 3D forward
modelling algorithm (Mackie et al., 1994), and compared
to the measured data, yielding a value of the misfit, which
in turn is interpreted by the minimisation routine to slightly
modify the search direction in the parameter space.
Having chosen to seek a model with radial symmetry, we
can reduce the problem to the determination of the best func-
tion able to represent the sediment thickness as a function of
the radial distance. There are many available sets of orthog-
onal functions that can be used for representing a function
of one variable along a finite segment, by computing limited
series of these functions. The most appropriate is proba-
bly the set of Walsh functions, because their square wave
nature is similar to that of the regularisation mesh of the for-
ward modelling scheme. A graphical representation of the
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Fig. 4. Real and imaginary induction arrows at sites 2 and 9 as functions of the period. The real arrows point in the direction of increasing resistivity.
nine first functions is shown on Fig. 5. The definition (Bath,
1974) of the Walsh functions is as follows:
w j (x) = 0 for x < 0 and x > 1
w0(x) = 1 for 0 ≤ x ≤ 1
w2 j (x) = w j (2x) + (−1) jw j [2(x − 1/2)]
w2 j+1(x) = w j (2x) + (−1) j+1w j [2(x − 1/2)]
j = 0, 1, 2, . . . .
Using this set of orthogonal functions, the radial contribu-
tion of the sediment thickness can be described as:
TR(r) =
∑
i
Ciwi (r)
where r is the radial distance and Ci are the unknown pa-
rameters.
Ideally, problems of known radial symmetry should be
computed with finite elements/differences schemes using
model structures with a vertical axis of symmetry. Unfor-
tunately, only schemes with rectangular space discretization
are publicly available at the moment.
The size of the regularisation mesh was of 30 × 30 × 30
cells. The horizontal size of the cells was 2 km, except for
the 3 outermost cells of the model, for which it was in-
creased successively to 4, 8 and 16 km. The vertical size
obeyed the following rule: the uppermost cell was 20 m
thick, and the thickness increased by a factor of 1.2 from
one layer down to the next. A check with one additional cell
layer in the vertical direction showed that the total thickness
of the model was large enough compared to the skin depth
at the longest period, as no change of the model response
was observed. Besides the fixed values of the basement and
sediment resistivities, a value of 0.1 m was assigned for
the half space. The centre of the crater was set at the cen-
tre of the uppermost layer. Because the arguments of the
Walsh functions vary between 0 and 1, we normalised the
radial distance with a distance of 24 km, which is slightly
beyond the topographic outer ring of the crater. The first
eleven Walsh functions were used in the development, giv-
ing a horizontal resolution of 1.5 km, that is, higher than
that of the mesh along the NS and EW directions. The resis-
tivity distribution (i.e., the resistivity of each cell) was con-
trolled by the mathematical surface TR(r). Cells above and
below the surface were given respectively the sediment and
the basement resistivity. The misfit is defined as the distance
in the parameter space between the data and the model re-
sponse (Fischer et al., 1981). It was calculated using the ap-
parent resistivities (logarithm) and phases (radians) of both
anti-diagonal elements of the MT impedance, and the real
and imaginary induction coefficients. The real induction co-
efficients have been weighted (arbitrarily) by a factor of 2
to give them more importance in the misfit calculation. The
misfit is then a sum over 3 periods (0.1, 0.3 and 1 s) and
14 sites (1 to 13, and longest period of sites 16 and 17, see
Fig. 1) of these MT and GDS coefficients. Site 6 had no
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Fig. 6. Final model showing the depth of the crater basement as a function of the normalised radial distance (1 n.r.d. corresponds to 24 km). The
resistivities have been fixed to 30 m for the sediments and 3000 m for the basement.
usable data at all, whereas sites 18–25 have their data in the
middle of the “dead band” due to poor coil sensitivity.
The modelling scheme requires a starting model. A 1D
model based on the average thickness obtained from the
MT (Masero et al., 1994) was used. It corresponds to a
Walsh function development with 2 non-vanishing terms
C0 = C1 = 1.43. About 500 iterations were necessary to
reach the minimum misfit of 0.054. The final development
into Walsh functions is shown on Fig. 6.
Obviously, a model with radial symmetry would be un-
able to account for induction arrows not pointing exactly to-
wards the structure centre. This lack of perfect symmetry is
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Fig. 7. Perspective view of (a) the final model showing the crater basement. (b) Partial view of the model obtained when the azimuthal variation is taken
into account.
likely to occur, e.g. due to faulting and/or uneven ground-
water distribution. A second-order correction to the model
shape can be applied by allowing azimuthal variation of the
sediment thickness. However, the number of varying param-
eters should not be increased, since this would be a source
of instability. It is possible to decouple the radial and az-
imuthal functions. The sediment thickness becomes a func-
tion TR(r) · TA(), where TR(r) is the radial contribution of
the thickness and TA() the azimuthal counterpart. Here,
the new function TA() assumes the same explicit form as
TR(r), with its own coefficients. This time, TR(r) is main-
tained fixed at the previously determined value, and the best
development of Walsh functions is sought for TA(). Again,
the first eleven Walsh functions were used in the develop-
ment. The misfit was improved to 0.049. Figure 7 shows
3D views of the model without (a) and with (b) azimuthal
effect. Figure 8 compares the measured and modelled real
induction arrows, whereas Fig. 9 compares the apparent re-
sistivities and phases.
In Fig. 8, reasonably good amplitude and directional fit
is obtained at T = 1 s. But the fit is not as good at
lower periods, particularly for sites on the periphery. This
is interpreted as the consequence of induction by superficial
inhomogeneities unrelated to the ring system. Moreover,
the model is unable to account for the measured imaginary
induction arrows (not shown), probably due to their smaller
value close to the noise limit.
The fit of the MT apparent resistivity (misfit = 0.120) is
not quite as good than the fit of the induction coefficients.
The model phase is in better agreement with the measure-
ment. Obviously, the apparent resistivity is affected by a
small static shift, particularly at site 8. This observation jus-
tifies the larger weight factor used for the induction param-
eters.
The horizontal cell size (2 km) may appear large com-
pared to the vertical one (20 m). It is a trade-off required
by the available computing capacity. Edge effects may oc-
cur locally, when the resistivity border approaches a site.
However, this never occurs here, since the basement does
not reach the surface of the model. Thus, little improvement
could be expected from cell size reduction.
6. Discussion
Looking at the ring structure given by the model, we may
wonder what is the reality of this complexity. Note that the
site density is high enough to avoid spatial aliasing errors.
Moreover, the average sediment thickness is about half the
mean site separation along the profile. The overall trend
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Fig. 9. Measured and modelled apparent resistivities and phases for the model including azimuthal variations. Squares and circles represent the model
response corresponding to MT impedance elements Zxy and Z yx , whereas broken and full lines represent measured data for these elements.
is the same as determined by the 1D MT modelling, but
several new features are revealed. We believe that small
details <1 km along the rings are not true features and could
be smoothed out from the model. The remaining features
should be considered as the real topography of the crater
basement.
Starting from the centre, the model displays a 0.5–1 km-
thick, conductive body of 4 km diameter. This body is
mainly controlled by the data at site 1. At this site however,
the induction arrow points toward the centre of the crater. By
definition of the induction arrows, their direction indicates a
more resistive material. This is in agreement with the known
composition of the uplifted core (shocked granite and over-
lying breccia), but in contradiction with the conductive top
of the model centre. This effect is probably a consequence
of the relative large size of the mesh (2 × 2 km).
At a distance of 11 km from the centre, the sediment
thickness reaches a maximum value >3 km. Further away
from the centre (17 km) a second, 2 km-deep valley is found,
surrounded by two hills culminating at −1 and −1.5 km.
The annular structure of the Araguainha impact is easy to see
on satellite images and may be the result of a propagating
bounce induced by the gravity collapse of the uplifted core,
a short time after the impact. Much the same effect appears
on a residual gravity anomaly profile from another very large
impact, the Manicouagan crater, Canada (Pilkington and
Grieve, 1992). On this profile, an annular bounce and its
influence on the gravity field is visible.
The best-fitting model that includes azimuthal variations
of the sediment thickness (Fig. 7(b)) has here only limited
significance. Obviously, the determination of azimuthal co-
efficients is biased by the narrow geographic distribution of
the measuring sites. Most of them are aligned along a single
diameter, whereas good modelling would require a homo-
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geneous distribution of sites over the whole crater area. We
mention it as a feasibility study to illustrate the potential of
the full modelling scheme, and not in an attempt to improve
the knowledge of the local geology.
7. Conclusion
A new modelling effort of MT and GDS data carried out
by stressing more specifically the information contained in
the vertical component of the magnetic field allowed us to
improve the resolution of the model. By carefully selecting
the range of signal periods, it was possible to avoid geo-
logical noise encountered at shorter periods. We could also
check that a model of radial symmetry could explain the di-
rection of the observed induction arrows, as resulting from a
subsurface affected by an impact, without interference from
deeper structures, unrelated to the crater. The floor of the
sediments within the horizontal limits of the crater is no
longer seen as flat, but appears to be modulated by a damped
periodic wave. This important feature remains hidden on
previous models (Masero et al., 1997, Fig. 8). Obviously,
the “trial and error” modelling scheme used by these au-
thors is not ideal, since it does not make the most of the
known symmetry.
The accuracy of the models of radially symmetric struc-
tures (not only impact craters, but probably also volcanoes)
seems to be only limited by the number of stations deployed
on the area of interest. A preliminary check of the symmet-
rical behaviour is necessary prior to the modelling, since the
method used assumes such symmetry.
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